This study monitored the dynamics and diversity of the human faecal 'Atopobium cluster' over a 3-month period using a polyphasic approach. Fresh faecal samples were collected fortnightly from 13 healthy donors (six males and seven females) aged between 26 and 61 years. FISH was used to enumerate total (EUB338mix) and 'Atopobium cluster' (ATO291) bacteria, with counts ranging between 1.12¾10 11 and 9.95¾10 11 , and 1.03¾10 9 and 1.16¾10 11 cells (g dry weight faeces) "1 , respectively. The 'Atopobium cluster' population represented 0.2-22 % of the total bacteria, with proportions donor-dependent. Denaturing gradient gel electrophoresis (DGGE) using 'Atopobium cluster'-specific primers demonstrated faecal populations of these bacteria were relatively stable, with bands identified as Collinsella aerofaciens, Collinsella intestinalis/ Collinsella stercoris, Collinsella tanakaei, Coriobacteriaceae sp. PEAV3-3, Eggerthella lenta, Gordonibacter pamelaeae, Olsenella profusa, Olsenella uli and Paraeggerthella hongkongensis in the DGGE profiles of individuals. Colony PCR was used to identify 'Atopobium cluster' bacteria isolated from faeces (n5224 isolates). 16S rRNA gene sequence analysis of isolates demonstrated Collinsella aerofaciens represented the predominant (88 % of isolates) member of the 'Atopobium cluster' found in human faeces, being found in nine individuals. Eggerthella lenta was identified in three individuals (3.6 % of isolates). Isolates of Collinsella tanakaei, an 'Enorma' sp. and representatives of novel species belonging to the 'Atopobium cluster' were also identified in the study. Phenotypic characterization of the isolates demonstrated their highly saccharolytic nature and heterogeneous phenotypic profiles, and 97 % of the isolates displayed lipase activity.
INTRODUCTION
Representatives of four main phyla of bacteria predominate in the human gastrointestinal (GI) tract, with most 16S rRNA gene sequence-based surveys reporting Firmicutes as the most abundant bacteria, followed by Bacteroidetes, Actinobacteria and Proteobacteria (Rajilić-Stojanović et al., 2007; Zoetendal et al., 2008; Vrieze et al., 2010) . Much is known about the diversity of the Firmicutes, Bacteroidetes, Proteobacteria and the genus Bifidobacterium (Actinobacteria) within the GI tract. Even though more reliable cell-based quantification methods such as FISH indicate they are numerically more predominant than the bifidobacteria in human faeces, representing approximately 8 % of the total bacteria, little is known about the diversity and metabolic abilities of Actinobacteria belonging to the class Coriobacteriia (Harmsen et al., 2000; Rigottier-Gois et al., 2003; Lay et al., 2005; Child et al., 2006) . However, Collinsella aerofaciens is part of the core gut microbiome of healthy and obese adults (Turnbaugh et al., 2009; Qin et al., 2010) , and Adlercreutzia and Slackia species have been associated with equal production in the human GI tract (Maruo et al., 2008; Jin et al., 2010) .
Recent studies have suggested an association of members of the Coriobacteriia (Gupta et al., 2013) with host obesity, lipid and drug metabolism, cholesterol and triglyceride levels and immunological improvement (Hoyles, 2009; Martínez et al., 2009 Martínez et al., , 2013 Zhang et al., 2009; Claus et al., 2011; Haiser et al., 2013; Lahti et al., 2013) . However, representation of these bacteria in faecal samples is low in next-generation sequence libraries compared with their representation as determined by quantitative PCR (qPCR) and FISH (Harmsen et al., 2000 (Harmsen et al., , 2002 Matsuki et al., 2004) . It is well known that Actinobacteria, specifically bifidobacteria, are under-represented or remain undetected in PCRbased studies, with factors such as selection of DNA extraction method, PCR primers and cycling conditions affecting their representation in clone libraries (Wilson & Blitchington, 1996; Suau et al., 1999; Koenig et al., 2011; Maukonen et al., 2012; Sim et al., 2012) . Actinobacteria are particularly sensitive to these factors because of their hydrophobic cell walls and the high G+C content of their DNA (up to 67 mol%). Consequently, we adopted a polyphasic approach to characterize members of the 'Atopobium cluster' within the human faecal microbiota. Faecal samples were collected from donors over a 3-month period and 'Atopobium cluster' populations monitored using FISH (ATO291) and cluster-specific denaturing gradient gel electrophoresis (DGGE; Hoyles, 2009) . Identities of bacteria represented by different bands in DGGE profiles were confirmed by cloning and DNA sequencing. In addition, faecal bacteria were cultivated from each donor on fastidious anaerobe agar containing Tween 80 (FAA T80 ) and 'Atopobium cluster' bacteria identified using colony PCR. The identities of isolates were confirmed using 16S rRNA gene sequence analysis, and the isolates were also characterized phenotypically. Therefore, the work presented herein represents the most thorough characterization of the human faecal 'Atopobium cluster' population conducted to date.
METHODS
Processing of samples. Fresh faecal samples were collected on site, fortnightly from 13 healthy donors (six males and seven females) aged between 26 and 61 years (Table 1) over a 3-month period. All donors provided samples freely and gave oral consent for microbiological analyses to be performed on their faeces. None of the donors had received antibiotic treatment in the 6 months prior to or during the study. No other exclusion criteria were enforced. The samples were collected in stomacher bags (Seward) and immediately placed in an anaerobic cabinet (MACS1000, 80 : 10 : 10, N 2 :CO 2 :H 2 ; Don Whitley Scientific) and kneaded manually. Approximately 1-2 g of sample was transferred into a pre-weighed microcentrifuge tube for faecal dry weight analysis. A further 5-10 g portion was transferred to a fresh stomacher bag and a 1 : 9 (w/w) faecal homogenate prepared in prereduced PBS (PBS, 0.1 M, pH 7.2; Oxoid) by manual kneading (Hoyles & McCartney, 2009) . Aliquots (46375 ml) of the faecal homogenate were transferred into microcentrifuge tubes for processing by FISH analysis. Additional aliquots (261 ml) were washed twice in sterile PBS (centrifugation speed 13 000 g for 10 min) and stored in PBS/glycerol (1 : 1, v/v) at 220 uC until DNA extraction. An aliquot of the homogenate from one sample per donor was used to prepare a dilution series (10 21 -10 27 ) in anaerobic half-strength peptone water (Oxoid), for isolation of bacteria on FAA T80 as described below.
FISH. Samples were processed for FISH according to Martín-Peláez et al. (2008) . Probes ATO291 (probeBase accession no. pB-00943; name S-*-Ato-0291-a-A-17; 59-GGTCGGTCTCTCAACCC-39; Harmsen et al., 2000) and EUB338mix [(pB-0159; S-D-Bact-0338-a-A-18; 59-GCTGC-CTCCCGTAGGAGT-39), (pB-0160; S-*-BactP-0338-a-A-18; 59-G-CAGCCACCCGTAGGTGT-39), (pB-0161; S-*-BactV-0338-a-A-18; 59-GCTGCCACCCGTAGGTGT-39); Daims et al., 1999] were used to enumerate 'Atopobium cluster' and total bacteria, respectively. Slides were examined under a Nikon E400 Eclipse epifluorescence microscope. DAPI-stained cells were visualized using a DM 400 filter and hybridized cells using a DM 575 filter. Cells were counted for 15 fields of view and counts (g dry weight faeces) 21 calculated using the equation adapted from Hoyles & McCartney (2009) .
Cells (g dry weight faeces)
21 5DF6ACC66732.426DF sample 6(wet/ dry weight), where DF is the dilution factor [(300/37550.8)650 (20 ml applied to well)610 (1/10 faecal homogenate)5400], ACC is the mean cell count, 6732.42 refers to the area of the well divided by the area of the field of view and DF sample refers to the dilution of sample used (e.g. between 56 and 20006, probe-dependent).
DGGE. 'Atopobium cluster'-specific DGGE was performed on all samples, using a modified version of the method of Hoyles (2009) . The faecal pellets stored in PBS/glycerol at 220 uC were washed twice (centrifugation speed 13 000 g for 10 min) in PBS prior to DNA extraction using a FastDNA Spin kit (MP Biomedicals). The quality of DNA was examined by gel electrophoresis [1 % (w/v) agarose gel containing ethidium bromide (0.4 mg ml 21 ; Sigma Aldrich) in 16 TAE buffer (diluted from stock 506 TAE; Fisher Scientific) viewed under UV light]. DNA concentration was measured by using a Nanodrop Spectrophotometer ND-1000 (Labtech). DNA (5 ng ml 21 ) was then used for 'Atopobium cluster'-specific PCR-DGGE as described below.
The 'Atopobium cluster'-specific 16S rRNA gene-targeted primers of Matsuki et al. (2004) were employed, but with a GC clamp attached to primer c-Atopo-F [GCc-Atopo-F, 59-CGCCCGCCGCGCGCGGCG-GGCGGGGCGGGGGCACGGGGGGGGGTTGAGAGACCGACC-39 (Hoyles, 2009 ); c-Atopo-R, 59-GGACGTCTTCTTCGRGGC-39]. Reaction mixtures (50 ml) contained 10 ml of 56 GoTaq Flexi Buffer (Promega), 5 ml of dNTPs (12.5 mM each; Promega), 2 ml of MgCl 2 (25 mM; Promega), 1 ml of each primer (20 pmol; Sigma Genosys), 1 ml of Taq polymerase (1.25 U; Promega), and 1 ml DNA. Amplification was performed using a MJ mini Personal Thermal Cycler (BioRad). PCR conditions were as follows: one cycle of heating at 95 uC for 5 min, followed by 35 cycles of 95 uC for 30 s, 55 uC for 30 s and 72 uC for 1 min, and a final extension at 72 uC for 7 min. PCR products were examined by using agarose gel electrophoresis and stored at 220 uC. DGGE was carried out on the V20-HCDC DGGE system (BDH). PCR products (5 ml of each) and an in-house DGGE ladder (comprising amplified DNA from strains listed below) were run directly on polyacrylamide gels with gradients (50-70 %) that were formed with 8 % (w/v) acrylamide stock solutions [40 % acrylamide/bis solution, 37.5 : 1 (2.6 % C); Bio-Rad] containing 2 % (v/v) glycerol (BDH), and which contained 0 and 100 % denaturant [(7 M PlusOne urea; Pharmacia Biotech) and 40 % (w/v) PlusOne formamide (Amersham Biosciences)]. Electrophoresis was run in 0.56 TAE buffer (diluted from 506 TAE; Fisher Scientific) at a constant voltage of 100 V and a temperature of 60 uC for 16 h. Following electrophoresis, the gels were silver-stained according to the method of Sanguinetti et al. (1994) with minor modifications. Gels were scanned at 600 dpi and the images analysed using GelCompar II (Applied Mathematics).
The DGGE ladder was compiled using DNA from the following strains of bacteria: Atopobium minutum CCUG 31167 T Identification of predominant bands in 'Atopobium cluster'-specific DGGE profiles. Cloning and sequencing of the faecal 'Atopobium cluster'-specific PCR products (from one sample for each donor) was performed. PCR products were purified using a QIA quick PCR purification kit (Qiagen; with cleaned products eluted in 30 ml of EB buffer) and stored at 220 uC prior to cloning using StrataClone PCR cloning kits (Agilent Technologies). Eight white or light-blue colonies were randomly selected from each cloning experiment and cultured overnight in LB broth containing ampicillin (10 mg ml 21 ) at 37 uC. Plasmids were extracted from broth cultures using a QIAprep Spin Miniprep kit (Qiagen), checked using agarose gel electrophoresis and stored at 220 uC. 'Atopobium cluster'-specific PCR-DGGE was performed using plasmid DNA as template, to determine which band from the donor's DGGE profile each contained, and plasmid DNA for one representative of each distinctive insert per donor was sequenced by Source Bioscience (LifeSciences) using primer T7 promoter F (59-TAATACGACTCACTATAGGG-39). Insert sequences were cropped from the plasmid sequences using 4Peaks (Version 1.7.1; 4Peaks by A. Griekspoor and Tom Groothuis, http://nucleobytes.com/index.php/4peaks) and compared to 16S rRNA gene sequences in EzTaxon-e (Kim et al., 2012) to determine closest relatives.
Isolation of predominant faecal 'Atopobium cluster' population. The 10 24 -10 27 dilutions prepared in half-strength peptone water were plated in triplicate on pre-reduced FAA (BIOTECS Laboratories) supplemented with 5 % laked horse blood (Oxoid) and Tween 80 (0.5 g l 21 ; Fisher Scientific) (FAA
T80
) and incubated anaerobically (MACS1000; Don Whitley Scientific) for 5 days prior to enumeration of bacteria on the dilution plate containing discrete colonies (20-200 colonies) . Approximately 160 colonies were randomly selected (or all colonies if fewer than 160 on the plate) from one of these three plates, subcultured onto gridded, pre-reduced FAA T80 and grown to purity.
Colony PCR to determine 'Atopobium cluster' isolates.
'Atopobium cluster'-specific PCR was performed using a crude colony PCR method to identify which of the isolates were members of the 'Atopobium cluster' population. Briefly, a single colony was suspended in 10 ml of filter-sterilized H 2 O using a sterile toothpick. The cell suspension was microwaved at high temperature for 30 s (Panasonic NN-T221MBBPQ) and used as DNA template for 'Atopobium cluster'-specific PCR using the primers of Matsuki et al. (2004) . Inhouse strains were used as negative (Megasphaera sp. MRSV3-10, Sutterella wadsworthensis FAAV1-5 and Prevotella buccae PEAV1-8; Hoyles, 2009) and positive (Col. aerofaciens FAAV2-5 and FAAV3-9; Hoyles, 2009 ) controls for 'Atopobium cluster'-specific PCR. Amplification products were examined by agarose gel electrophoresis.
Isolates which gave positive colony PCR results were subcultured on FAA T80 prior to storage on cryogenic beads (ProLab diagnostics) at 270 uC.
Identification of 'Atopobium cluster' isolates. Isolates were grown anaerobically on FAA T80 prior to DNA extraction using an InstaGene Matrix (Bio-Rad). DNA was stored at 220 uC until use. PCR amplification and clean-up of 16S rRNA genes was performed as described by Hoyles et al. (2004) , with sequencing outsourced to Source Bioscience. Almost-complete sequences were compared to those in EzTaxon-e to determine closest relatives. Sequences were proofread against those of the type strains of nearest relatives in Geneious Pro 4.6.1 (http://www.geneious.com). Alignments were performed to determine sequence similarity between the different isolates and type strains of species. A multiple-sequence alignment was created using CLUSTAL W, and was corrected manually to omit gaps at the 59 and 39 ends from further analyses. Phylogenetic (neighbour-joining) analysis was performed as described by Hoyles et al. (2004) .
The identities of isolates tentatively identified as Col. intestinalis or Col. stercoris on the basis of 16S rRNA gene sequence analysis were confirmed using the primers of Kageyama & Benno (2000) . The PCR programme we used differed from that given in the original publication; using a MJ mini Personal Thermal Cycler, the following programme was used: 94 uC for 5 min, followed by 25 cycles of 94 uC for 60 s, 58 uC for 60 s and 72 uC for 60 s (there was no final elongation step). Sequences were checked for chimeras using Bellerophon 3 (Huber et al., 2004) .
Phenotypic characterization of 'Atopobium cluster' isolates.
The carbohydrate fermentation capabilities of the faecal 'Atopobium cluster' isolates were examined using API 20 A (bioMérieux) strips for anaerobes, following the manufacturer's instructions. It is important to note that all steps of strip preparation and inoculation were carried out in the anaerobic cabinet. Briefly, isolates were grown anaerobically in cooked meat medium for 2 days and 200 ml of broth culture used to grow a bacterial lawn on duplicate pre-reduced Columbia blood agar (Oxoid) supplemented with 5 % laked horse blood (Oxoid) plates (incubated overnight at 37 uC, anaerobically). Cells were harvested in the anaerobic cabinet with sterile swabs and inoculated into API 20 A medium. While the instructions state the turbidity of cultures should be ¢3 McFarland standard, it was not always possible to visualize culture turbidity [namely, E. lenta and closely related isolates (E. lenta DSM 2243
T , D3-3, D3-6, D3-8, D3-65, D3-96, D6-71, D9-63 and D11-98)]; in such cases, the complete bacterial lawns from both plates were used to produce strip inoculum. Following inoculation, the API 20 A strips were incubated anaerobically for 48 h and results recorded as: 2, negative; +w, weakly positive; +, positive.
RESULTS AND DISCUSSION
Fresh faecal samples were collected fortnightly from 13 healthy adults for 3 months, and molecular-and cultivationbased methods were used to characterize the diversity and dynamics of the 'Atopobium cluster' population of the human faecal microbiota. FISH was used to enumerate total bacteria (probes EUB338mix) and the 'Atopobium cluster' (probe ATO291). 'Atopobium cluster'-specific DGGE (Hoyles, 2009 ) was used to profile this community within the faecal microbiota, and cloning and sequencing of DNA within bands was used to identify bacteria. Cultivation work was performed on one faecal sample for each subject to investigate the predominant culturable members of the faecal 'Atopobium cluster' of humans.
FISH analysis of faecal 'Atopobium cluster' population
When first described, probe ATO291 targeted a paraphyletic group of bacteria that were classified within the family Coriobacteriaceae, but neither Slackia nor Denitrobacterium spp. were detected by the probe (Harmsen et al., 2000) . The bacteria targeted by this group were referred to as the 'Atopobium cluster'. Since the publication of the paper describing ATO291, a number of novel species within this cluster (and the Coriobacteriaceae as a whole) have been described. In a recent molecular signature-based study, Gupta et al. (2013) redefined the taxonomy of the coriobacteria, proposing the class Coriobacteriia, orders Coriobacteriales and T. Thorasin, L. Hoyles and A. L. McCartney Eggerthellales and families Atopobiaceae, Eggerthellaceae and Coriobacteriaceae. Details of the coverage of probe ATO291 within the new taxonomic framework can be found in Fig. 1 . Species/sequences targeted by the probe (and forward DGGE primer) can be found in Table S1 (available in the online Supplementary Material). Fig. 1 . Phylogenetic tree of the class Coriobacteriia and related bacteria isolated from human faeces. Taxonomic classifications are as described by Gupta et al. (2013) . The 16S rRNA gene sequence of one isolate of each species detected from each donor is shown (at least 1400 nt sequenced for each isolate). Sequences for species shown with accession numbers are those of the type strain, with the exception of Olsenella sp. SK9K4, which is equivalent to Coriobacteriaceae sp. PEAV3-3. GenBank/ EMBL/DDBJ accession numbers of the isolates recovered in this study can be found in Table S7 . ATO291, detected by probe ATO291 (confirmed by FISH) and 'Atopobium cluster'-specific DGGE; ATO291*, detected by probe ATO291 (100 % identity with sequence; the pure culture was not checked). Bar, sequence similarity.
Characterization of the 'Atopobium cluster'
The human faecal 'Atopobium cluster' populations ranged between 1.03610 9 (9.01 as log 10 ) and 1.16610 11 (11.06 as log 10 ) cells (g dry weight faeces) 21 (Fig. 2) , and counts of total bacteria (EUB338mix) ranged between 1.12610 11 (11.05 as log 10 ) and 9.95610 11 (12.08 as log 10 ) cells (g dry weight faeces) 21 , consistent with previously published data (Harmsen et al., 2000; Hoyles & McCartney, 2009 ). Overall, ATO291 counts were fairly stable for all individuals over 3 months (Tables 1 and S2) , with slightly more fluctuation seen in the proportion of the 'Atopobium cluster' made up of the total microbiota (Table S3) . Donors 3 and 13 had lower ATO291 counts than the other subjects, with the 'Atopobium cluster' representing ,0.5 % of the total microbiota for donor 13. Inter-individual variation was observed in the relative abundance of the 'Atopobium cluster' bacteria in the faecal microbiota, similarly to Harmsen et al. (2000) , with averages herein ranging from approximately 0.2 % (D13) to approximately 22 % (D2) of the total microbiota. In addition, inter-individual variability in 'Atopobium cluster' abundance (relative to their mean) was greater for some individuals (e.g. D4, D7, D12) in this study than others (e.g. D5, D9). Overall, the data herein provide further evidence that the 'Atopobium cluster' is a predominant member of the healthy faecal microbiota of most humans in the developed world (averaging between 3 and 10 %; 9/13 subjects in this study), highly abundant in a substantial minority of people (3/13 subjects in this study) and almost absent in a small minority.
DGGE analysis of the faecal 'Atopobium cluster' population
The sequences of the forward and reverse DGGE primers were searched against bacterial and archaeal sequences within Greengenes 13_5. These analyses confirmed that the primers targeted members of the Coriobacteriia as described in Fig. 1 , as well as a few sequences distantly related to Slackia and Enterorhabdus spp., and probably representing novel genera within the Coriobacteriia (Table S6) . Details of how the species/sequences targeted by the DGGE primers were determined and their identities can be found in the online Supplementary Material and Tables S1 and S4-6. In addition, the taxonomic assignments of the Greengenes sequences have been updated for the sequences targeted by the DGGE primers. It should be noted that Greengenes 13_5 does not adequately assign members of the genus Olsenella (compare Tables S5 and S6 ), regardless of whether the taxonomy follows that used by Greengenes 13_5 or of Gupta et al. (2013) .
'Atopobium cluster'-specific PCR-DGGE was successfully performed for all samples, with the exception of those collected from donor 13 (who had the lowest ATO291 counts, representing ,0.3 % of faecal microbiota throughout). Overall, distinctive banding profiles were seen for each individual, containing 2-8 dominant bands per profile (Fig. 3) . Donors 7 and 8 (partners) had similar DGGE profiles (Fig. S1 ). Their DGGE profiles were found to be similar for faecal Actinobacteria (excluding Coriobacteriia) in a previous study (Hoyles et al., 2013) . 'Atopobium cluster'-specific PCR-DGGE profiles were relatively stable for each individual across the 3-month study (Fig. S2) . The dominant band of the profiles for most subjects corresponded with Col. aerofaciens in our in-house ladder (but not for D3 and D12), in agreement with previous reports that Col. aerofaciens is part of the core microbiome of adult humans (Turnbaugh et al., 2009; Qin et al., 2010) . Bands corresponding to Col. stercoris/Col. intestinalis, Coriobacteriaceae sp. PEAV3-3, Cry. curtum, E. lenta, G. pamelaeae and O. profusa in the ladder were also seen in some profiles, as well as bands not corresponding with bands in the ladder (some of which were common between different donors) (Fig. 3) .
Sequencing of clones confirmed that those bands in faecal DGGE profiles corresponding to bands in the ladder were of the same species (Table 2) ; for example, all clones displaying DGGE profiles with a band corresponding to Col. aerofaciens band in the ladder had 'best hit' with Col. aerofaciens. As well as the bands corresponding to Col. aerofaciens in the ladder being identified as Col. aerofaciens, three other clones with banding profiles not corresponding to any of the bands in the ladder (Fig. 3: bands 3, 11 and 14*) were revealed as Col. aerofaciens (99-99.5 % sequence similarity). All other bands for which clones were available represented members of the 'Atopobium cluster', including Col. tanakaei, E. lenta, G. pamelaeae, Paraeggerthella hongkongensis, O. profusa and O. uli (Table 2) . Interestingly, the clones corresponding to bands 25* and 31 (Fig. 3) , which were associated with (positioned slightly above) the lower band of A. minutum in the ladder, were revealed to be P. hongkongensis. The failure to detect members of the genus Atopobium in this study is consistent with previous findings, corroborating the suggestion that the genus Atopobium is Bands corresponding to all members of the 'Atopobium cluster' which have previously been isolated from human faeces [namely, Collinsella, Cryptobacterium, Eggerthella, Gordonibacter and Olsenella (Kageyama & Benno, 2000; Lau et al., 2004a; Hoyles, 2009; Arumugam et al., 2011) ], or seen in recent microarray data (Wang et al., 2004; Rajilić-Stojanović et al., 2009) were observed in DGGE profiles in this study. Wang et al. (2004) P. hongkongensis has previously only been associated with bacteraemia (Lau et al., 2004a) . However, it would appear that, similar to E. lenta, P. hongkongensis is an opportunistic pathogen of GI origin, being detected in the DGGE profiles of donors 8 and 10. O. uli and O. profusa are members of the human oral microbiota, and have been associated with periodontal infections, gingivitis and dental caries (Munson et al., 2004) . We detected the species, respectively, in the DGGE profiles of donors 6 and 5. Upon identifying O. uli-associated bacteraemia in a patient with acute cholangitis but no evidence of dental disease, Lau et al. (2004b) suggested that the bacterium responsible for the infection was of GI origin. There are currently only two reports of the isolation of G. pamelaeae in the literature: one strain was isolated from the sigmoid region of the colon of a 33-year-old male patient suffering from acute Crohn's disease (Würdemann et al., 2009); the other was isolated in pure culture from an 82-year-old patient with disseminated rectosigmoid carcinoma with fresh blood and mucus in his stool (Woo et al., 2010) . We detected the species in the DGGE profiles of six of our donors (Table 1) .
Characterization of the culturable faecal 'Atopobium cluster' population
Col. aerofaciens and E. lenta are reportedly easy to isolate from human faeces (even without 'selective' medium/ conditions), implying not only that they are common commensals but also dominant members of the microbiota (otherwise they would be diluted out). However, to date, the vast majority of E. lenta isolates available from culture collections are of clinical rather than faecal origin, with the bacterium considered an opportunistic pathogen of GI origin (Lau et al., 2004a, b) .
There is no known 'selective' medium for isolating members of the 'Atopobium cluster', although addition of 0.5 % Tween 80 in medium has been reported to increase the growth of Col. aerofaciens (Harmsen et al., 2000) and FAA contains arginine (for which E. lenta has a requirement) so FAA T80 was employed in this study. Counts of total bacteria obtained from anaerobic cultivation on Fig. 3 . Use of targeted DGGE to characterize the diversity of the faecal 'Atopobium cluster' population of healthy human adults (n512; D1 to D12). DNA was extracted from faecal samples collected fortnightly from each subject over a 3-month period (a representative for each volunteer is presented). L, in-house ladder created using the following strains: (A) G. (Table 1 ; compared with 1.12610 11 and 9.95610 11 from FISH data). Between 120 and 160 colonies were subcultured from the FAA T80 dilution plate with discrete colonies for each sample (one per donor). Of the 1514 isolates that grew, 283 displayed positive colony PCR results (including faint/weak products; 59 isolates) using 'Atopobium cluster'-specific primers and were further characterized (Table 1) . Partial 16S rRNA gene sequencing (approximately 600 nt; identities determined using EzTaxone) revealed that the majority of isolates producing faint/weak 'Atopobium cluster'-specific PCR were not members of the class Coriobacteriia (data not included); these included the two isolates from donor 13 (from whom no 'Atopobium cluster' isolates were obtained).
Almost-complete 16S rRNA gene sequencing (approximately 1440 nt) of the 224 isolates confirmed as belonging to the 'Atopobium cluster' (by partial sequencing) was performed and revealed that the majority (196/224) of 'Atopobium cluster' isolates were Col. aerofaciens (Table 3) , consistent with the findings of the DGGE data (namely, predominant band corresponding to the Col. aerofaciens band in the reference). Furthermore, 56 isolates of Col. aerofaciens were isolated from donor 2, who had the highest ATO291 count and predominance (approximately 22 % of the total microbiota; Table S2 ). However, no Col. aerofaciens isolates were recovered from donors 3, 4 and 12 (Table 3) . Again this corroborated the findings of DGGE for these donors; the DGGE profiles of donors 3 and 12 lacked a band corresponding to Col. aerofaciens (reference), and the said band was co-dominant with other bands in donor 4's DGGE profile. The remaining 28 'Atopobium cluster' isolates represented Collinsella, Eggerthella, 'Enorma', Olsenella and novel species. 
T. Thorasin, L. Hoyles and A. L. McCartney
The Col. aerofaciens isolates recovered in this study shared between 98.3 and 100 % 16S rRNA gene sequence similarity with each other and the type strain. Kageyama et al. (1999a) sequenced three strains of Col. aerofaciens (including the type strain) and found they shared 96.6-97.8 % sequence similarity. DNA-DNA hybridization data showed they had .72 % reassociation, indicating that the strains belonged to the same species. Given the sequence similarity of our isolates to the sequence of the type strain of Col. aerofaciens, we believe that we have recovered 196 Col. aerofaciencs isolates from the faeces of nine healthy humans.
Phenotypic characterization of Col. aerofaciens strains isolated from human faecal samples has revealed great diversity in the metabolic capabilities of different strains (Moore & Holdeman, 1974; Holdeman et al., 1976; Kageyama et al., 1999a) . Moore & Holdeman (1974) classified three groups of Col. aerofaciens based on acid production from sucrose and/or cellobiose fermentation. Kageyama et al. (1999a) extended this, demonstrating four groups of Col. aerofaciens based on carbohydrate fermentation patterns of 181 faecal isolates. In addition, these four groups were further divided into 16 subgroups in relation to fermentation of aesculin, salicin and amygdalin. Subsequently, Harmsen et al. (2000) reported another subgroup of Col.
aerofaciens, able to produce acid from arabinose, erythritol, maltose, ribose, starch, trehalose and xylose. As discussed below, our phenotypic data have extended the diversity observed within Col. aerofaciens. It is possible that such phenotypic diversity within a single species may reflect biological adaptability within specific populations of the microbiota, and may explain why Col. aerofaciens has been shown to be a core member of the human gut microbiota.
Previous studies have relied on characterizing one or two isolates recovered from multiple donors, whereas our study has characterized multiple isolates from the same donors. All 193 faecal Col. aerofaciens isolates characterized phenotypically in this study (D5-122, D10-142 and D11-45 did not resuscitate from cryogenic storage) produced acid from D-glucose, D-lactose and D-mannose fermentation, did not produce acid from glycerol or D-rhamnose fermentation, and were negative for indole utilization and production of urease and catalase ( Col. aerofaciens 46, 52, 57, 58, 59, 61, 62, 63, 65, 66, 67, 68, 69, 70, 72, 73, 74, 75, 76, 79, 83, 84, 88, 89, 91, 92, 93, 94, 96, 97, 98, 99, 105, 107, 108, 109, 117, 120, 122, 124, 125, 127, 129, 130, 136, 140, 143, 144, 149, 150, 152, 154, 157, 158, 159, 160 56 3 Col. intestinalisd 5, 11, 44, 70, 91, 123, 130, 140, 141, 150 , 4, 5, 9, 12, 15, 34, 39, 77, 80, 95, 98, 113, 130, 147 50, 52, 53, 57, 61, 62, 64, 71, 73, 74, 82, 83, 87, 88, 89, 103, 104, 110, 113, 116, 119, 121, 122, 126, 135, 136, 154 , 7, 8, 11, 14, 15, 16, 18, 23, 24, 26, 34, 39, 40, 43, 45, 48, 55, 72, 76, 79, 98, 99, 119, 120, 129, 130, 135, 139, 142 30 11 Col. aerofaciens 2, 6, 7, 8, 9, 12, 13, 15, 18, 19, 25, 28, 29, 30, 39, 41, 45, 47, 54, 55, 56, 58, 61, 68, 74, 78, 81, 84, 108, 112, 117, 122, 124, 129, 145, 154, 156, 157 38 Col. stercorisd 10, 70, 102 3 Eggerthellaceae sp. D11 98 1 12 'Enorma' sp. D12 104 1 *Based on almost-complete (approximately 1440 nt) 16S rRNA gene sequencing. DBased on partial 16S rRNA gene sequencing: approximately 600 nt initial sequencing data for bold isolates (as these isolates require cloning to obtain almost-complete sequences; not included in Fig. 3) ; 1250-1327 nt for underlined isolates (due to drop-off in sequence reads and/or potential heterogeneities at the start of the 16S rRNA gene sequence). dIdentification based on discriminatory PCR method of Kageyama & Benno (2000) . : 46; 62; 65; 67; 70; 72; 74; 75; 76; 83; 84; 88; 89; 91; 93; 97; 98; 99; 105; 107; 108; 109; 117; 120; 122; 124; 127; 129; 130; 136; 140; 143; 150; 152; 154; 157; 158; D5: 67; 75; D7: 49; 53; 57; 61; 62; 64; 82; 83; 89; 103; 110; 116; 122; 126; 154; 158; D8: 118; 124; D9: 76; 82; 101; 111; D10: 11; 15; 16; 18; 23; 34; 45; 48; 55; 119; 129; 139; D11: 2; 8; 13; 15; 30; 41; 47; 55; 58; 68; 74; 81; 84; 108; 117; 122; 124; 129 (Table 4) . Eight of the groups classified in this study were distinct from the groups previously described (Kageyama et al., 1999a) based on demonstration of acid production from one or more of: L-arabinose, D-mannitol, D-melezitose, D-sorbitol and D-xylose or no acid produced from D-maltose. No Group IV fermentation profiles (Kageyama et al., 1999a) were seen from our faecal Col. aerofaciens isolates. However, isolates with biochemical profiles corresponding to Groups IA, IE/IF (amygdalin is not included in API 20 A), IIF/IIG (no amygdalin data) and III were observed. The API 20 A data for Col. aerofaciens CCUG 28087 T included weak acid production from D-raffinose, which is inconsistent with previously published work (Kageyama et al., 1999a; Nagai et al., 2010) . Unlike Nagai et al. (2010) , who also used API 20 A tests to determine fermentation profiles (rather than the conventional culture methods employed by Kageyama and colleagues), we found the type strain of Col. aerofaciens, CCUG 28087 T , did not produce acid from salicin.
The majority of our faecal Col. aerofaciens isolates (111/ 193) displayed biochemical characteristics of group 8 and its subgroups. A further 27 Col. aerofaciens isolates displayed group 7's phenotypic profile, which differed from group 8 only in relation to gelatin hydrolysis (group 8 hydrolysing gelatin and group 7 not). Interestingly, 'Enorma' sp. D12-104 showed the same phenotypic profile as group 10. Overall, major differences in phenotypic profiles of Col. aerofaciens were seen within and between donors' isolates (Table 4) . In addition, D4-142 displayed the ability to hydrolyse gelatin, which was also inconsistent with the published description for Col. tanakaei (Nagai et al., 2010) . Differences between the phenotypes of our isolate and that of Nagai et al. (2010) could be due to how we incubated the API strips. We did all phenotypic work in the anaerobic cabinet, whereas Nagai et al. (2010) do not state how they incubated their API strips. It is possible that our isolate represents a different species from the type strain of Col. tanakaei: only DNA-DNA hybridization or whole-genome sequencing could address this. However, it should be noted that the species description of Nagai et al. (2010) is based on a sole isolate. Phenotypic heterogeneity within species of the genus Collinsella -and discussed herein for Col. aerofaciens -is well documented. Only the isolation and characterization of more isolates of Col. tanakaei will provide a full picture of the metabolic capabilities of this bacterium. Col. tanakaei was only isolated from donor 4 (a healthy Thai female), and DGGE clones identified as most closely related to Col. tanakaei were also found for this individual and for donor 12 (a healthy Malaysian male). The only previous reports on the isolation of Col. tanakaei from faeces have been from two healthy Japanese males (Nagai et al., 2010) and a healthy Chinese female (Hoyles, 2009 ). This suggests there may be a geographical/ethnicity factor (e.g. diet/environment/genetics) associated with the presence of Col. tanakaei in the faecal microbiota (with all individuals so far reported to harbour Col. tanakaei having countries of origin in eastern/ south-east Asia). However, further work would be required to support/refute this hypothesis.
Isolates D3-5, D3-11, D3-44, D3-70, D3-91, D3-123, D3-130, D3-140, D3-141, D3-150, D3-152, D11-10, D11-70 and D11-102 shared 99.0-100 % 16S rRNA gene sequence similarity. These 14 isolates were most closely related to Col. stercoris and Col. intestinalis (97.5-97.8 % and 97.9-98.5 % sequence similarity, respectively). The 14 isolates could not be differentiated from Col. intestinalis and Col. stercoris using the 'Atopobium cluster'-specific DGGE approach, as the sequence of the region amplified by the primer set GCc-Atopo-F/Atopo-R was identical in both species and the faecal isolates. Consequently, using the discriminatory PCR method of Kageyama & Benno (2000) , we were able to show that the isolates from donor 3 were Col. intestinalis, while those from donor 11 were Col. stercoris (data not shown Eight isolates belonging or closely related to the genus Eggerthella were isolated from four different donors. Seven (D3-3, D3-6, D3-8, D3-65, D3-96, D6-71 and D9-63) were identified as E. lenta (98.7-99.7 % sequence similarity). The eighth isolate (D11-98) was thought to represent a novel genus within the family Eggerthellaceae (Fig. 1) , sharing only 93.1 and 95.1 % 16S rRNA gene sequence similarity with the sequences of the type strains of Eggerthella sinensis and E. lenta, respectively. Consequently, it is referred to as Eggerthellaceae sp. D11 from hereafter, and its characterization will be described elsewhere.
T. Thorasin, L. Hoyles and A. L. McCartney However, it is noteworthy that our Eggerthella API 20 A data clearly indicated that, with the exception of the type strain, all strains were saccharolytic. These findings contradict previously published data, including the species description of E. lenta, which suggest that E. lenta is generally unreactive in typical phenotypic laboratory tests and is asaccharolytic (Eggerth, 1935; Moore et al., 1971; Kageyama et al., 1999b; Wade et al., 1999) . This most likely reflects the fact that all steps of the phenotypic characterization work performed in this study were carried out in an anaerobic cabinet, as opposed to manipulations being done on the laboratory bench and incubations in anaerobic gas jars (which take up to 1 h to reduce the atmospheric conditions if using gas-generating sachets). Phenotypic tests were carried out on three separate occasions to confirm our results, and produced identical results each time (data not shown).
The 16S rRNA gene sequence of isolate D12-104 shared 98.6 % sequence similarity with that of the type and only strain of 'Enorma massiliensis', recovered from the faeces of a morbidly obese 26-year-old woman (Mishra et al., 2013 Mishra et al. (2013) reported no fermentation or assimilation by the bacterium although they observed fermentation of D-mannose and D-raffinose using API Rapid ID 32 A (bioMérieux), whereas we used API 20 A to characterize D12-104. Using the relaxed level of 16S rRNA sequence similarity proposed by Stackebrandt & Ebers (2006) [i.e. ,98.7 % sequence similarity rather than ¡97 % (Stackebrandt & Goebel, 1994) ] for species delineation, we consider D12-104 may represent a novel species of the genus 'Enorma', but further work (MLSA or DNA-DNA hybridization and full phenotypic characterization with comparable methods) would be required to confirm this. For this reason, our isolate is referred to as 'Enorma' sp. D12-104 from hereafter. It is interesting to note that this was the only isolate belonging to the 'Atopobium cluster' recovered from donor 12's faecal sample.
Isolates D6-2, D6-73 and D6-32 (hereafter referred to as Olsenella sp. D6), recovered from donor 6, shared 99.8-99.9 % 16S rRNA gene sequence similarity with each other, and 93.2-94.0 % with O. profusa, O. uli and Olsenella umbonata. No phenotypic data were available for the isolates as they could not be resuscitated from cryogenic beads. An additional Olsenella isolate (D6-110) was isolated from donor 6: its 16S rRNA gene sequence was highly heterogeneous (i.e. a very messy sequence containing numerous ambiguous base calls) and requires cloning to confirm its assignment to Olsenella sp. D6. Again, there were no phenotypic data available for this isolate as it could not be resuscitated from cryogenic beads after storage. The colonies of all the Olsenella isolates recovered on FAA T80 were barely visible, suggesting that this medium did not adequately fulfil their nutritional requirements and the cultures were not 'fit enough' to survive storage. Therefore, it is clear that we need to gain a better understanding of the nutritional requirements of members of this genus if we wish to isolate and maintain strains in future studies.
While some may consider it old-fashioned or out of date to include cultivation work in studies investigating the human GI microbiota, it is still an important and valid avenue of research. Indeed, isolates such as those obtained herein are essential for mechanistic studies and/or confirmation of assertions from metagenomic analyses suggesting functionally important members of the microbiota and possible health-related associations. Even though there are no known 'selective' media for members of the class Coriobacteriia, our cultivation work readily isolated members of the 'Atopobium cluster' from human faecal samples, including isolation of novel species, and demonstrated greater phenotypic diversity of Col. aerofaciens within and between individuals than previously reported.
Uncultured representatives of the class Coriobacteriia have been correlated with host lipid metabolism in human (Lahti et al., 2013) and animal (Martínez et al., 2009 (Martínez et al., , 2013 Claus et al., 2011) studies, and Hoyles (2009) suggested that Col. aerofaciens plays a role in lipid metabolism within the large intestine. As such, the resuscitatable (217/224) faecal 'Atopobium cluster' isolates were assayed for lipase activity using olive oil/rhodamine B agar as described by Hoyles (2009) , with Staphylococcus aureus (positive) and Escherichia coli (negative) used as controls. All seven faecal E. lenta isolates from this study, as well as Eggerthellaceae sp. D11, 192/193 Col. aerofaciens isolates (D8-146 being the exception), Col. tanakaei D4-142, all three Col. stercoris isolates and 7/11 Col. intestinalis isolates (D3-11, D3-70, D3-91 and D3-141 were negative) displayed lipase activity. However, whether this lipolytic activity takes place in vivo and/or contributes to host lipid metabolism is unknown and warrants further investigation.
SUMMARY
The 'Atopobium cluster' is a dominant member of the faecal microbiota of healthy humans (making up around 8 % of the microbiota; 0.2-22 %), yet relatively little has been published on the composition of this bacterial population. A polyphasic approach, combining molecular methods and cultivation work, was used during a longitudinal study to evaluate the diversity and dynamics of the faecal 'Atopobium cluster' population of healthy humans. Overall, the faecal 'Atopobium cluster' was relatively stable in healthy humans (both numerically and composition-wise) over a 3-month period, with greater diversity seen than previously Characterization of the 'Atopobium cluster' recognized for this group of bacteria in this niche. Col. aerofaciens was shown to be the predominant member of the faecal 'Atopobium cluster' in healthy humans according to both 'Atopobium cluster'-specific DGGE profiles and cultivation work, although individuals with lower levels of these bacteria as determined by FISH analysis appeared to lack Col. aerofaciens. There was great inter-and intra-individual variability with respect to the phenotypic characteristics of Col. aerofaciens isolates recovered from donors, suggesting that within individuals the contribution of this bacterium to the metabolic activity of the microbiota is multifaceted.
